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NOTATION
c Chord length
\
CL =-n-££££-— Two-dimensional 1ift coefficient
1/2f e
P - P

Pressure coefficient

f= Maximum camber ratio
chord
P Local static pressure on section
Pou Free~stream static pressure
PV Vapor pressure of the ligquid
U Velocity of section
x Fraction of chord measured from leading edge
Y Thickness ordinate, Traction of chord
EN
YC Camberline ordinate, fraction of chord
o Angle of attack
P Fluid mass density
) o LE radius
)IE = Nondimensional leading edge radius
Po - Pv

g = Cavitation number

/2

v . ZeX. thickness
- chord

Thickness ratio (twice the maximum thickness ordinate)

@ = arc cos (2x-1) Angular variable

iv




ABSTRACT

Minimm pressure envelopes, computed for steady two-dimen-
sional flow, with ex empirical correction for viscosity, are pre-
sented in grdphic form for three foils: NACA 66 (TMB modified
nose and tail) thickness with the NACA a = 0.8 camberline, the
BuShips Type I section und the BuShips Type II section. In eddi-
tion, design chasts for sel - cing an "optimum" foil are included.
A comparison of these folls, designed to have & favorable aperat-
ing range of minimum pressures for a specified cavitation number
and 1ift coefficient, shows the 6€ {modified) form to provide a
slightly wider margin for angle changes. Also with zero camber,
the 66 (modified) section has a greater range of favorable mini-

mum pressures than the other foils.

AIMINISTRATIVE INFORMATION

This work was funded by BuShips Subproject S-FOL3-1109, Task 3802,
(TMB Problem No. 526-076).

INTRODUCTION

If it is assumed that cavitation will first occur on a body when the
local pressure, falls to the vepor pressure of the surrounding liquid, a
knowledge of the minimum pressure is sufficient to predict the onset of
cavitation or to design cavitation-free foils. Although the basic assump-
tion that cavitation occurs at wvupor pressure is not verified experimentally,
at least for the low Rzynoids numbers (~4106) encountered in laboratory
tests, predictions are generslly conservative and agreement between experi-
mental results and theoretical predictions improves with increasing Reynolds
number.l* Hence, there is some hope that the minimumm pressure will be

*% References are listed on page 12.




adequate for predicting surface cavitation at the higher Reynoids numbers
encountered in full-scale applications.*

This report presents two-dimensional minimum pressure envelopes for
three foils. The method of computing the pressure distribution is explained
in Reference 1 and consists of calculnting the potential flow pressure with
an empirical correction for viscosity; the potential theory.is modified to
allow for arbitracy lift at & given angle »f incidence, and the required
1ift is determined from estimates of the angle of zero 1lift and lift-curve

slope.

DESCRIFTION OF FOILS

Three profiles commonly in uee for propéiler blade sections were
chosen for the present study. These profiles are the NACA 66 (TMPB modi-
fied) thickness distribution with the NACA a = 0.8 camberline, the BuShips
Type I, and the BuShips Type II sections.

The basic MNACA 66 (TMB modified) section is the NACA 66-006,2
thickened3 near the trailing edge for ease of manufacture (a paravola is
fitted from the position of maximum thickness to a finite trailing edge
offset). Ordinates of the thickness distribution vary linearly with maxi-
mum thickness ratio. When the pressure distribution on the NACA 66-006
was calculated using the computed program of Reference 1, a sharp suction
peak was discovered near the leading edge (see Figure 1). If the ordinates
are plotted at the angular stations ¢ = arc cos (2x-1) instead of the
usual X, & slight hump appears at the leading edge (Figure 2) which causes
the pressurc peak. A similar, though smeller, pressure peak on the NACA

* Puil-scale cavitation usually occurs at considerably higher cavitation
numbers than predicted from either theory or model tests. The differences
are attrimted to manufecturing tolerances, inaccurate modeling of inuflow
velocities, and/or scale effect. Naturally the above conjecture applies
to accurstely constructed foils with smcoth, fair surfaces operating in a
steady uniform stresm.

2
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65A006 was noted in Reference &4 and also in Reference 1. (The hump is
thought to be the result of inaccuracies in the numerical method used

for the design of the NACA 6 Series foils.l) The nose hump on the 66
section was faired out by trial and error to give a smocth pressure curve.
Ordinates for the final foil, modified nose and tail, are tabulated in
Table 1 as well as values for the NACA a = 0.8 camberline.2 The calculated
nonviscous pressure distribution on this modified thickness distribution ai
zero incidence is shown in Figure 3 for & foll of 10-percent thickness.

For this section, the ordinates of cambered foils are obtained by laying
off the thickness perpendicular to the camberline at the corresponding
station.

The BuShips Type I" section’ is a modified NACA 16 section® with
parabolic-arc camber (NACA 65 meanlinee). The thickness distribution is
the same as the "16" up to mid-chord; from the mid-chord to the trailing
edge a parasbole is fitted (ihe trailing edge is ihinner than the "16").

The BuShips Type II* section6 18 the NACA 16 thickness form> end the para-
bolic-arc camber. Section ordinates are obtained by adding and subtracting

5

the thickness ordinate from the camberline ordinate (i.e., thickness is
added perpendiculsr tc the nose-tail line). Thickness and camberline ordinates
are tabulasted in Table 2 for the BuShips foils. An equation for the NACA
16 thickness form which permits analytic determination of the ordinates can
be found in Reference 1l.¥¥ Calculated nonviscous pressure distributions on
the basic thickness forms of 1O-percent thickness are shown in Figure L.

In Table 3 offsets for the three foils are tabulated at conventional

stations.

* In practice, both the Type I and Type II sections have s modification near

the trailing edge for strength purposes.5’6

However; this modification
depends upon the particular design and cannot be handled in general. The

simplest cose of no modification is cornsidered in this report.

#* Several other equations for the NACA 16 sections are available; for
example, see NACA Technical Note 1546 and ARC C.P. No. 68.
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The minimum pressure envelopes of this report supersede the previously
computed va.lues7 for tne two BuShips foils. The minimum pressures in that
report were calculated using a computer program which did not determine
pressures &t enough points near the nose to ensure obtaining the minimum
value. The computer program developed in Reference 1 corrects this
deficiency.

CALCULATION OF MINIMUM PRESSURZ ENVELOPES

The pressure distribution about each cambered foil was’calculatedl
for various angles of attack between -5 and +6 degrees. For symmetrical
fcils, the pressure distribution was calculated for various angles from O
to 8 degrees. At each angle of attack, the minimum of the computed pres-
sures was selected. The enclosed figures are plo.s of -CP , the negative
of the minimum pressure coefficient versus o , the anglemin of incidence
measured from & linc Joining the camberline endpoints.

The calculation of the pressure distribution depends upon specifying
a lift coefficient CL for a given angle of incidence. When the experimertal
1ift is used, good agreement with measured pressure distributions is
obtained.l The experimental lift can be determined from a lift-curve slope

and andle of zero lift:

CL=2ﬂYl(“-aoe) [l]
dCL
where Y( 1s the lift-curve slope coefficient, - /2% , and
o 1s the experimental angle of zero lift.
o)
e

AnaLysisa of experimental data obtained at a relatively large Reynolds
mumber (6 x 106) shows that 'Y\ and o  are independent of each other
within the limits of experimental scatterf that V? depends upon the thick-
ness distribution, and that CK() is approximately a constant fraction of

the nonviscous thin-wing value. €




Since the 1lift-curve slope increases with increasing Reynolds number,

%

a value of V? near unity is reasonable at the high Reynolds number (~10
at which these folils are expected to operate. Also, it is reasonable to
expect that the large trailing edge thickness of the modified 66 form would
cause 7? to be lower for that foil than for the other two foils. Since the
trailing edge of the BuShips Type II section (NACA 16) is similar to the
NACA 4-digit series, the slope coefficient'71 was taken as (1 - 0.6177 ),
i.e., decreasing linearly with the thickness ratio v , which is approximately
the value for the NACA 4-digit series at a Reynolds number of 6 x 106. Ir
the absence of specific test data, the BuShips Type I section was assumed to
behave as the Type II section. For the modified 66 foil, ] was estimated
to be (1 - 0.837), which is slightly lcwer than the slope coefficient for
the BuShips foils.

The actual angle of zero 1lift c&o for the NACA a = 0.8 camberline

*
is 1.053 times the thin-wing value2 € of zero lift, or

o = 1.05 (-1.95 f) = -2.05 ¢
e
and for the parabolic-arc cemberline the angle of zero lift is about 0.932
times the thin-wing value or

o, =0.93 (-2 f) = -1.86 ¢
e

where o is in radians and f is the maximum camber ratio.
e

When these quantitites are substituted into the equation for 1lift,
the expressions become
for the 66 foils: o

1|

2% (1 - 0.837 ) (e + 2.05 £)

[2]

for the BuShips foils: C 27 (1 - 0.61T) (*+ 1.8 )

vhere & is in redians.
For convenience, the 1lift coefficient formulas are printed on the respective

fipures of minimum pressure envelopes or ©X in degrees.

* This investigator knows of only one test of the a = 0.8 camberline: that
given on page 200 of Reference 9, in which the faired value of <, is

epproximately 1.02 t 0.07 times the thin-wing value. The above € value
of 1.05 is thus quite reasonable.

- : - gpeiee A — a—— e N A TS o= seC VT
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The minimum pressure envelopes cbtained by specifying the above lift
coefficients are plotted in Figures 5 through 11 for the modified 66 form and
in Figures 12 through 18 for the BuShips forms. These curves are presented

as --CP versus ™ ; for small changes in V’I and 0(0 , there is little
min e
change in minimum pressure. Also, in design work, the expected variation

in angle of attack can often be predicted so that once a particulaer foil is
selected, the extreme incidence can be used in the figures to check the
sultability of the foil from a cavitation standpoint.
The significance of the shape of the -CP - & curves is that in the
min
region roughly parallel to the ©X axis, the minimum pressure occurs near mid-

chord, and when the curve is roughly parallel to the -CP axis the minimum
min
pressure is near the nose of the section. For the section with the a = 0.8

meanline, the displacement of the curves on the ©« scale 1s roughly related
to the ideal angle of attack (the angle for which thin-wing theory predicts a
stagnation point at the leading edge of the camberline).

Although the data are not given in this report, it was found that
adding and subtracting the thickness from the camber, rather than applying

the thickness perpendicular to the camber, resulted in higher -CP values
min

and shifted the envelope slightly toward the higher o 's. These effects

are negligible for all but the highest thickness and camber ratios. Spe-

cifically there is a negligible difference in tne envelones for thickness

ratios less thar 0.1 or camber ratios less than 0.02.

DESIGN CHARTS

The figures may be used in two ways: first, and simpler, they may be
used to predict cavitation on existing foils of the type considered, anu
second, they may be used to select foils which will not cavitate when
operating over a specified range of angles.

In the first case, the camber, thickness, angle of attack, and operat-

ing cavitation number ¢ are known. From the foil geometry and the angle

AN TRy | = IR— m e - r———————
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of attack, & minimum pressure coefficient is obtained from the minimum
pressure envelcpes given in this report. Cavitation is assumed not to occur

when o is greater than -CP , and cavitation is assumed to occur when o
min
is less than -CP .

min

To help in the fcil selection from a cavitation standpoint, design
charts (Figures 19, 20, and 21) were prepared graphically from the minimum

pressure envelopes. The charts are based on the "optimum" foil, which is

defined as the foil allowing the greatest total angle change without occur-

rence of cavitation for a given 0. For symmetrical foils (Figures 5 and 12),
the "optimm" 1s clearly the profile for which the minimum pressure envelope

changes from rising almost vertically from the —CPmin scale to going roughly
parallel to it at the given —CP s i.e., the "optimum" is the foil whose
minimm pressure envelope touchzgnthe envelope* of the minimum pressure
envelopes at the desired -CPmin or o. For symmetrical foils, the permissible
range of operating angles is twice the incidence ordinate of the envelope

of the envelopes at the given -Cj or o (see Figures 5 and 12).

min
For cambered foils, there are two different envelopes to the minimum

pressure envelopes, one for the upper surface and one for the lower surface.

ince the one for tne upper surface of the foil occuts &t higher -CP

min
values than does the cne for the lower surface, it is used to determine the

optimum foil. The width of the bucket is then that of the envelope at the

given -C, . DNote that if o (or -C ) is expected to vary over the

min min
operating range of angles, then it would be better to use the original curves

and not the design charts.,

* The envelope of the minimum pressure envlopes can be expressed analytically
as —%éér = O where q is the velocity on the foil, and the expression is
evaluated at the point of maximum velocity. Such an evaluation becomes too
cumbersome for anything but very simple expressions for the velocity, and
hence the envelope of envelopes was obtained graphically for the foils in
this report.
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The first of the charts (Figure 19) gives the "optimum" geometry of the
66 foils and the BuShips Type II section (since it is superior to the Type I).
In addition, Figure 19 gives the width of the minimum pressure envelope in

degrees for the "cptimum" foil. For a specific type of section, given ~Cp
min
or ¢ and given angle variation, there is a unigque combination of camber

ratio and thickness ratic for an "optimm" section.

The other design charts (Figures 20 and 21) give the operating incidence
and lift coefficient for an "aptimum" foil. Two different average operating
conditons are considered: midpoint and 2:1 ratio. For midpoint operation,
the foil will experience angle-of-attack variations of equal magnitude in
the positive and negative directions sbout the operating incidence. For
the 2:1 ratio, the foil will experience twice the positive variation as the
negative (positive in the nose-up direciion).*

In the design of cavitation-free foils, a design CL is set, a minimum
thickness from strength considerations is obtained, and s minimum operation
o is calculated.** 1In some cases a varistion in the operating angle of
attack is known or can be estimated. It is now necessary to find a camber
ratio, thickness ratio, and an average operating angle of attack such that
the design CL is met, the thickness is not less than the strength considera-

tions permit, and such that -CPmin is less than o over the range of angle
of attack variations. Actually, for the nonsteady problem, the nonsteady
minimm pressures should be computed. This investigator knows of no "simple”
method of doing this and hence the "quasi-steady" approach outlined above
is suggested.

For situations when the angle-of-attack variation is not known or not
critical, the following procedure is recommended: With the minimuwr thick-

ness and known ¢ (i.e., -Cp ), enter Figure 19 tc obtain a camber ratio.
min
Then enter Figure 20 or 21 with & selected type of angle variation to obtain

an operating incidence and C.. 1In general, this C. will not be the same as
L ’ L

* A 2:1 angle variation is considered typical of propeller-blade sections.

** In certain cases, o may vary, as in & nonuniform flow, and the minimum
pressure envelopes - not the design charts - should be used.

8
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that required. Either the thickness may be increased or the chord
lengthened - or both - and the process repeated until the required C
is obtained for an "optimum" foil.

If the angle-of-attack variation is known ard critical, then the
known variation and known ¢ uniquely determine 7 and f from Figure 19.
Figures 20 and 21 will give an operating incidence and C_ for the foil.

L
Here too, it may be necessary to change the chordlength to carry the

L

necessary load, remembering that the thickness and camber ratio are fixed.
In propeller design, the fixed coefficient is the lift coefficient mul-
tiplied by the chord-diameter ratio. Once CL is read, the chordlength is
determined. If this section is close but does not quite make the strength
requirements, a judicious rereading of the charts is suggested since some
latitude is permitted in the readings. For large disagreements, designing
for & smaller angle variation is suggested since experiments tczem to indi-
cate that the cavitation inception curve is wider than the minimum pressure
envelope.1

The above procedures are not rigid, of course, and are offered only
as a guide. It is quite possible that other design approaches will be
used. In some instances perhaps the camber, o, and incidence are Pixed.
In this case, Figure 19 will give an optimum thickness for the fixed o and
also the permissible angle variation. Figure 20 or 21 will give the mid-
point of the envelope. The endpoint incidences of the envelope width would
be the midpoint plus or minus one-half the width. These endpoints permit
a check that the operating incidence is within their limits.

To illustrate and extend the remarks made in the previous paragraphs,
a specific design problem will be presented. The problem is to determine

a foil shape and incidence tor a given C, for the two types of foils con-

L
sidered in this section (i.e., 66 and Type II) and such that the minimum
pressure envelopes extend approximately equal distances on both sides of
the design angle of attack. For each foil, the averagze 1lift coefficient

was teken to be 0.3 and ¢ (or -Cp ) was taken to be 0.6.
min
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For the 66 foil, Figures 19 and 20 are entered with o and cL,

respectively, and a common thickness and camber ratio found. This gives a
thickness ratio of 0.126, a camber ratio of 0.0225; and an operating
incidence of 0.4l degrees. The second part of Figure 19 gives a total
permigssitle angle variation of 3.9 degrees.

Similarly for the BuShips Type II foil, Figures 19 and 21 show an
optimm foll with & thickness ratio of 0.119, a camber ratio of 0.02h5,
and an incidence of 0.34 degrees. From Figure 19, the total width of the
envelope igs seen to be 3.7 degrees.

The minimm pressure cnvelopes for these foils have been camputed
independently and are plotted in Figure 22. These curves are plots of

-CP versus CL to emphasize that each foil was selected to give the
min

same CL' These curves reinforce the above paragraphs in that they show
the NACA 66 (modified) form to be superior to the BuShips Type II since
its minimum pressure envelope permits a greater margin for angle changes
before cavitation occurs. (The angle variation is the dirferencs in 1ift
coefficients divided by the lift-curve slope.)

In foil selection from a cavitation standpoint, several points are
worth keeping in mind: First, for constant angle of attack in the favor.
able operating range (the nearly vertical iine on the figures for which

-C,  1s low), the value of -Cp  increases with both ¥ and f. Second,
mnin min

the extent, with respect to o , of thc laveiable range increases with

increasing 7 and also with incressing f£. Third, in this favorable range,

-cP increases more rapidly with f than with angle of attack for equal
min

changes in CL. Fourth, the thin-wing ideal angle of attack may be of limited
use when designing cavitation-free foils to meet a given variation in angle
of attack.* Fifth, often it will not be possible to avoid cavitation for a

given ¢ and angle-of-attack variation.

* The use of the ideal angle of attack as the design incidence is based on
the assumption that minimm drag occurs at this incidence. Unfortunately,

experimental result52 show this is only approximately true. Small depart-
vres from the "ideal" such as recommended here are still within the region
of low drag.

10




OUMMARY AND CONCLUSIONS

Minimum pressure envelopes are presented in graphic form for three
foils: the NACA 66 (TMB modified nose and tail) with the NACA a = 0.8
camberline, the BuShips Type I section and the BuShips Type II section.
Without camber, the NACA €6 (modified) form has a greater extent of

favorable operating range (i.e., lower -CP values) than do the BuShips
min
foils. Cambered folls selected for the same operating conditions also

show the 66 foil to be slightly superior to the BuShips foils. Over the
entire range of thickness and camber ratios, the BuShips Type I has &

higher -C than does the Type II.
Pmin
The theoretical calculations show that in the favorable operating
range, incr:asing the thickness or camber ratio increases the value of

"CP but the extent of the favorable operating range, with respect to &,
min
is increased. In the favorable operating range, the calculations also show

that -C increases faster with camber ratio than with angle of attack
min
for equal changes in lift coefficient.

Design charts, which give the "optimum" camber and thickness ratios
for a given angle-of-attack variation or lift coefficient, and cavitation
number are presented for the NACA 66 (modified) section and for the BuShips
Type 11 section.
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Figure 1 - Pressure Distribution on the NACA 66-006 Showing Pressure
Peak at Nose
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Figure 2 - Ordinate versus Angular Variable, Showing Hump near the
Leading Edge, NACA 66-006




——

Figure 3 - Theoretical Pressure Distribution at < =
66-010 (TMB Modified Nose and Tail)

TABLE 1
Section Geometry, NACA 88 (Mod) and a = 8 Camber
Gation Thickness Camber e
dY¥e
x Yp/7 Yo/t Fre f
0 0* 0 7.1485**
. 007590 .0817 06006 8.6001
. 030154 . 1608 . 13381 4.7712
. 006987 3388 . 33684 3.8751
.116978 L3135 49874 2.8¢081
178806 L3807 . 85407 2.2086
.25 .4363 .T6051 1.6350
. 328890 L4780 . 50831 1.1071
. 413178 4972 . 90834 0.68001
.5 .49€2 1.0 0.0914
.588024 4712 . 58503 -0.4448
.871010 .A247 . 92308 -1.0483
A H) L3612 .81212 -1.8132
.821394 2872 63884 -3.1892
. 883022 .2108 . 42227 -3.7243
.933013 1402 . 23423 -3.7425
. 969846 .0830 . 09982 -3.5148
. 992404 L0482 . 02365 -3.2028
1.0 0333 0 -3.0025
“pLp c M8 72
** value at x - .005
1 1 b T 1 T T T

NACA 86 (TMB MODIFIED NO-E & TAIL)

ZERO CAMBER
10% THICK 7]
ZERO INCIDENCE
) J S 1 N L 4 1
H 2 3 4 5 6 i 8

FRACTION OF CHORD

1k

O Degree on the NACA




A ANAAS A

Section Geometry BuShips Folls

TABLE 2

Sation Type | Type U Camber
Thickness Thickness Ordinate
x Yy 7 Yr 7 YC {
0 0° o 0
037598 08438 08438 03015
030154 16451 16451 11698
066987 23969 23969 25
116978 30898 30898 41318
178608 37098 37098 58682
25 42370 42370 5
328990 46457 46457 £8302
.413i768 45084 49084 96985
5 5 H) 10
586824 48493 48977 96985
6710:0 .44151 45674 88302
75 375 40031 .15
821394 29341 32448 58682
883022 20659 23755 21318
923013 125 . 15084 .25
969846 05849 .07703 11698
. 982404 01508 02747 03015
1.0 0 01 0
‘o p - 48889 -
-3 T =T T 7 T T T T
BUSHIPS TYPE |
(NACA 16 NOSE,
BUSHIPS TYPE 11 PARABOLIC TAIL}
.2b (NACA 16) ]

ZERO CAMBER \
107 THICKNESS B
ZERO INCIDENCE \

i i

4 5 6 1 8 1
LE TE
FRACTION OF CHORD

'00
wl
i
-
L

2} E
3 | i | 1 - | i k. i
Figure * - Theoretical Pressure Distribution at -+ = O Degree on the BuShips

FToils of 10-Percent Thickness and Zero Camber

IACA
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TABLE 3

Foil Geometry at Conventional Stations

NACA 66 (Mod) & a=.8 Camber BuShips Foils
Station Thickness | Camber | Camber Type 1 Type 11 Camber
Ordinate | Ordinate Slope Thickness | Thickness | Ordinate
dYe
x Yp/7 Yo/t i /f Yr/7 Yyp/7 Yo/t
c===r=== === ——=

0 0 0 - 0 0 0

. 005 .0€85 .0423 7.149 .06873 .06873 .0199
.0075 .0812 .0595 6.617 .08386 .08386 .029775
.0125 . 1044 .0807 5.944 .10758 . 10758 .049375
.025 . 1466 . 1586 5.023 .15039 .15039 .0975
.05 . 2066 2712 4.083 .20908 . 20908 .19
.075 .2525 . 3657 3.515 . 25254 . 25254 L2775
.1 . 2907 .4482 3.100 .28800 . 28800 .36

.15 . 3521 .5869 2.488 . 34455 . 34455 .51

.2 . 4000 .6993 2.023 . 38859 . 38859 .64

.25 .4363 . 7905 1.635 .42370 . 42370 .75

.3 . 4637 .8635 1.292 .45145 .45145 .84

.35 .4832 . 9202 0.933 .47275 .47275 .91

.4 .4852 .9615 0.678 .48786 .48786 .96

.45 N .9881 0.385 .49695 .49695 .99

.5 .4852 1.0 0.091 .5 .5 .0

.35 . 48486 .9971 -0.211 .495 .49671 .99

.6 .4653 .9786 -0.532 .48 .48624 .96

.85 .4383 . 9434 -0.885 .455 .46740 .91

.7 .4035 .8892 -1.295 .42 .43912 .84

.75 .3612 .8121 -1.813 .375 .40031 .75

.8 .3110 .7027' -2.712 .32 . 34988 .64

.85 .2532 .5425 -3.523 .255 .28673 .51

.9 . 1877 . 3586 -3.768 .18 .20976 . 36

.95 .1143 .1713 -3.668 .095 .11788 .19
975 .0748 .0823 -3.441 .04875 .06601 .0975
1.0 .0333 0 -3.003 0 .01 0
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